We investigated the validity of column-averaged dry air mole fractions of methane (XCH 4 : V02.21) retrieved from shortwave infrared (SWIR) spectra obtained by Greenhouse gases Observing SATellite (GOSAT) over Siberia, which is known as a major source area of methane (CH 4 ). We compared the GOSAT XCH 4 dataset with aircraft measurements of XCH 4 that have been collected in Novosibirsk and Surgut, West Siberia since the 1990s. The average difference between the GOSAT XCH 4 and aircraft-based XCH 4 was −1.0 ± 22.0 ppb in Novosibirsk and −0.4 ± 14.8 ppb in Surgut when we selected appropriate data pairs. These results indicate that GOSAT XCH 4 data obtained over West Siberia is consistent with aircraft measurements and assure the reliability of the GOSAT XCH 4 product for scientific analysis. 
Introduction
The Greenhouse gases Observing SATellite (GOSAT) was launched on 23 January, 2009 (Yokota et al. 2009; Kuze et al. 2009 ). Since then, the Thermal And Near-infrared Sensor for carbon Observations-Fourier Transform Spectrometer (TANSO-FTS) on board GOSAT has collected global data on carbon dioxide (CO 2 ) and methane (CH 4 ) systematically and continuously. Some validation studies of column-averaged dry air mole fractions of methane (XCH 4 ) data obtained from GOSAT have been conducted Yoshida et al. 2013 ) by comparing the GOSAT data to those of a worldwide network of groundbased FTS called the Total Carbon Column Observing Network (TCCON) ). The average difference between GOSAT and TCCON XCH 4 has been reported to be less than 1%. All of the TCCON sites, however, are located in background regions of atmospheric CH 4 ; validation studies in CH 4 source regions have been limited.
In this study, we compared GOSAT XCH 4 (V02.21) with aircraft measurements that were taken over Novosibirsk and Surgut, West Siberia. Siberia is one of the most significant CH 4 source regions, with CH 4 from wetlands and oil/gas fields. Furthermore, this study can confirm the validity of GOSAT XCH 4 at high latitudes; to date, few studies have reported on GOSAT data quality at high latitudes (Gavrilov et al. 2014; Inoue et al. 2014) . We describe the GOSAT products and the aircraft measurements used in this study in Section 2. The estimation method of XCH 4 from aircraft measurements is presented in Section 3, and the results of the comparison of aircraft-based XCH 4 with GOSAT products are shown in Section 4. We conclude the study in Section 5. 4 GOSAT has a sun-synchronous orbit with an equator crossing time of 13:00 and a 3-day revisit time. Nominal observation by the TANSO-FTS sensor was carried out by the 5-point cross-track scan mode until July 2010. In August 2010, the grid observation pattern changed from the 5-point cross-track scan mode to the 3-point cross-track scan mode with 260 km spacing. As shown in Fig. 2c of Kuze et al. (2012) , GOSAT measures the spectra three times at approximately the same location. When multiple data were available at almost the same location, we selected the XCH 4 data with the lowest spectral fitting residuals (χ 2 ) as a representative data for that location (see Section 4).
GOSAT and aircraft data

GOSAT SWIR XCH
In this study, we used GOSAT SWIR XCH 4 V02.21 data retrieved by the National Institute for Environmental Studies (NIES). The retrieved SWIR XCH 4 data are screened using post-processing procedures. After the post-screening, the selected data are accessible to registered users who applied to the GOSAT Research Announcement (RA); we will refer to this as "RA" data. Some of the data are further screened using stricter criteria, and the selected data are accessible to general users (GU); we will refer to this data as "GU" data.
Aircraft measurements
Since the 1990s, NIES has used chartered airplanes (AN-30 and AN-24) to perform monthly flask air sampling of greenhouse gasses in West Siberia (Umezawa et al. 2012) . We used vertical CH 4 profiles obtained from these aircraft measurements in the vicinity of Novosibirsk (54.3°N, 82.2°E) and Surgut (61.5°N, 73.0°E) .
The air samples are collected in 550 mL glass flasks at altitudes ranging from 0.5 to 7 km with 0.5−1.5 km intervals. These samples are sent to NIES and analyzed for CH 4 concentration using a gas chromatograph equipped with a flame ionization detector (FID). The precision of gas chromatograph analysis for CH 4 measurement is estimated to be 1.7 ppb. The standard gases used in this analysis are calibrated against the NIES 94 CH 4 scale. According to the results of the 2002−2007 WMO Round-Robin intercomparison (Zhou et al. 2009; NOAA/ESRL 2015) , the NIES 94 scale was higher than the NOAA/GMD scale by 3.5−4.6 ppb in a range of 1,750−1,840 ppb.
Analysis methods -XCH 4 estimation from aircraft data -
To compare the CH 4 concentrations obtained by aircraft sampling with GOSAT XCH 4 , we must infer the CH 4 profiles for the altitudes at which the aircraft cannot make measurements. In this study, we followed a method similar to Saitoh et al. (2012) . For the altitudes between 0.5 and 7.0 km (about 400 hPa), aircraft measurements are available. For the altitudes below the lowest altitude of aircraft sampling (0.0−0.5 km, about 950 hPa) and the altitudes between the highest altitude of aircraft sampling and the tropopause, we assumed CH 4 concentrations to be equal to the values obtained at the nearest altitude. , 26 May, 2013 , and 28 July, 2013 in Surgut (red solid circles), aircraft-based XCH 4 values were close to the average monthly GOSAT XCH 4 and fell within the range of the corresponding standard deviations. In both data series, an increasing trend is clearly observable.
To compare aircraft data with GOSAT data quantitatively, we selected matching pairs using the following procedure. First, we defined the distance between aircraft and GOSAT observation locations as L and the difference between aircraft and GOSAT observation dates as DD. We assumed a matching condition of L to be within 300 km (L ≤ 300 km) and a matching condition of DD to be within 1 day (DD = −1, 0, 1).
As mentioned in Section 2, in August 2010 the grid observation pattern changed to the 3-point cross-track scan mode, and three data were available at approximately the same location. Therefore, multiple GOSAT data near a given location were often selected in correspondence to an aircraft measurement. Including these redundant data, the total number of matched pairs was 126. We refer to this dataset as "case-1", in which the data were selected using the criteria of L ≤ 300 km and −1 ≤ DD ≤ 1.
To refine the selection of corresponding pairs, we added the criteria described below. As described in Section 2.1, GOSAT obtained three measurements at approximately the same location. When those three GOSAT data points corresponded to one aircraft's measurement, the GOSAT data with the lowest χ 2 was selected from the cluster of GOSAT data at almost the same point. After selecting the data with the lowest χ 2 , we obtained the dataset "case-2". The number of data pairs in case-2 was 49. Furthermore, when multiple GOSAT data at different locations within L ≤ 300 km or on different days corresponded to a given aircraft data, the GOSAT data with the shortest L and lowest |DD| was selected. We refer to the dataset based on this selection as "case-3"; the number of data pairs in case-3 was 23. Though we examined all of the above cases, we focused on the results of case-3 in this paper. The detailed results of case-1 and case-2 are shown in Table S1 and S2 for reference.
To evaluate the accuracy and precision of GOSAT XCH 4 , we calculated the difference between GOSAT and aircraft-based XCH 4 . We defined XCH 4 _Diff and the ratio of XCH 4 _Diff as
A scatter plot of corresponding aircraft-based and GOSAT XCH 4 data is shown in Fig. 2 , and data pairs of case-3 are summarized in Table 1 . As shown in the figure, variability of GOSAT XCH 4 is greater than that of aircraft-based XCH 4 . The coefficient taken from the NCEP/NCAR reanalysis data (Kalnay et al. 1996) . Between the tropopause and 65 km (0.1 hPa), we used the a priori profile calculated by the NIES transport model (Maksyutov et al. 2008; Saeki et al. 2013) . The stratospheric part of the model (up to ~10 hPa) is constrained by the climatology data of the Halogen Occultation Experiment (HALOE) (Russell et al. 1993; Grooß and Russell 2005) .
We applied averaging kernels of the GOSAT retrievals to the CH 4 profile construction mentioned above. Subsequently, the aircraft-based XCH 4 values were estimated by accumulating CH 4 number densities using the CH 4 profile and by dividing the accumulated CH 4 densities by the total number density of dry air molecules. The dry air molecules were calculated using the temperature and water vapor data from the Japan Meteorological Agency Grid Point Value (JMA-GPV) (e.g., Nakakita et al. 1996) . Temperature data from the Committee on Space Research (COSPAR) International Reference Atmosphere (CIRA-86) (Fleming et al. 1990 ) and water vapor data from the Air Force Geophysics Laboratory (AFGL) (Anderson et al. 1986 ) were also used for altitudes above 10 hPa for which no JMA-GPV data were available. The measured and assumed CH 4 concentrations used to calculate XCH 4 are shown by the solid curve of Fig. S1 . During winter, the GOSAT XCH 4 data over Novosibirsk and Surgut were not retrieved at high latitudes due to a large solar zenith angle (> 70°) ). The aircraft-based of determination (R 2 ) in case-3 is not necessarily higher than that in other cases because of less selected data, although the selection criterion is the strictest.
Comparison between GOSAT
In Table 2 , we show the average of XCH 4 _Diff (XCH 4 _Diff ) based on the type of GOSAT data (GU or RA) and on the observation date. For all data pairs, obtained XCH 4 _Diff was −1.0 ± 22.0 ppb (−0.05 ± 1.23%) at Novosibirsk, and −0.4 ± 14.8 ppb (−0.02 ± 0.82%) at Surgut. Yoshida et al. (2013) performed a validation of GOSAT XCH 4 (V02.xx * ) using the 723 measurements provided by TCCON and showed that XCH 4 _Diff was −5.9 ± 12.6 ppb. Their study represented global coverage, but all the TCCON sites used in the study are located in background regions of CH 4 ; their validation study did not cover source regions of CH 4 . There are only a few validation studies that cover high latitude regions with large CH 4 emissions. Gavrilov et al. (2014) compared GOSAT XCH 4 (V02. xx * ) with 256 ground-based FTS measurements obtained near St. Petersburg, Russia and reported that XCH 4 _Diff was −1.9 ± 14.5 ppb. Inoue et al. (2014) compared GOSAT XCH 4 (V02.00) with 3 aircraft measurements from Yakutsk, Siberia and reported that the XCH 4 _Diff was 9.2 ± 15.2 ppb (3.7 ± 16.7 ppb) within ± 2° (± 5°). In this study, we found XCH 4 _Diff between GOSAT XCH 4 (V02.21) and aircraft-based XCH 4 in West Siberia was −0.7 ± 18.9 ppb (−0.04 ± 1.05%). The XCH 4 _Diff shown in our study (within ~1%) is almost in the same range as those in the aforementioned studies.
As shown in Table 1 , the absolute value of XCH 4 _Diff (|XCH 4 _ Diff |) on 14 June, 2010 (44.2 ppb) in Novosibirsk was notably large despite the fact that the paired data were observed on the same day (DD = 0). One possible explanation is that the GOSAT XCH 4 was categorized as RA, which was screened with less strict criteria. If this RA data is excluded, the XCH 4 _Diff increases from −1.0 to 2.9 ppb, while the value of the standard deviation decreases from 22.0 to 18.5 ppb. Figure 3 shows the dependency of XCH 4 _Diff on L. In Novosibirsk (Fig. 3a) , the |XCH 4 _Diff | value increases with respect to L, as expected. On the other hand, in Surgut (Fig. 3b) , most of the XCH 4 _Diff values are positive regardless of the value of L. On the whole, it is difficult to find reasonable dependency of XCH 4 _Diff 
Number of data on parameter L in the range examined in this study because of limited data. This is also true for parameter DD. Estimated aircraft-based XCH 4 values are subject to uncertainties attributable to the assumed CH 4 profile (e.g., Sepúlveda et al. 2014) . The uncertainty of XCH 4 arises from the accuracy of climatology of CH 4 in the stratosphere, tropopause height, temperature profiles, and CH 4 in the surface layer. We investigated the impact of those factors on aircraft-based XCH 4 estimations. First, we applied the stratospheric CH 4 variations within 1σ standard deviation provided in the HALOE climatological dataset † (ranging from ±3.2% to ±10.0% at ~215 hPa). The results of the sensitivity analysis are shown in Fig. 4 . The aircraft-based XCH 4 values changed by ±17.7 ppb and ±20.6 ppb, on average, in Novosibirsk and Surgut, respectively. Second, we shifted the tropopause height downward or upward corresponding to ±70 hPa. The aircraftbased XCH 4 values changed ±22.4 ppb and ±24.8 ppb, on average, in Novosibirsk and Surgut, respectively, as shown in Fig. 4 . Third, when temperature data (GPV) were replaced with NCEP/NCAR reanalysis data, the aircraft-based XCH 4 values in Novosibirsk and Surgut changed, on average, by −0.3 ppb and −1.2 ppb, respectively. Therefore, the different meteorological temperature datasets examined here had only a minor effect on the aircraft-based XCH 4 estimation. Fourth, when the CH 4 concentration at the ground level was fixed at a specific value (1,950 ppb), the aircraft-based XCH 4 values increased to 1.7 ppb in Novosibirsk and 0.4 ppb in Surgut. As the air column below 500 m can contribute only about 5% to the total air column, the variation of CH 4 at this altitude range (below 500 m) cannot have a critical effect on XCH 4 _Diff .
The CH 4 content in the lower troposphere (LT), below ~3 km, often increases in the summer because of strong methane emissions from the surface. For example, the CH 4 profiles on 26 July, 2010 at Novosibirsk and on 28 July, 2013 at Surgut show clear LT CH 4 enhancement (Fig. S2) . On those days, the GOSAT XCH 4 values indicated good consistency with aircraft-based XCH 4 (see Table 1 and Fig. 4 ). These cases demonstrate the potential of GOSAT for detecting LT CH 4 enhancement in the summer over West Siberia. However, some other data showing LT CH 4 enhancement (e.g., on 30 July, 2013 at Novosibirsk) are beyond the uncertainty range. This difference between aircraft and GOSAT XCH 4 may be attributable to the variability in CH 4 content in the lower atmosphere, the effect of aerosols/cirrus (Ohyama et al. 2015) , or the large interval between air sampling levels, which is not sufficient to detect the thin-layered structure of CH 4 profiles.
The target accuracy for application of the XCH 4 data to inverse analysis has been estimated to be ~1% (e.g., Meirink et al. 2006) . Because the XCH 4 _Diff shown in our study was within 1%, this result suggests the GOSAT CH 4 data have enough quality for used in inverse analysis for detecting CH 4 sources on the global scale.
Summary and conclusions
In order to confirm the validity of the GOSAT XCH 4 (V02.21) product obtained from the SWIR band and retrieved by NIES, we compared the GOSAT data with aircraft measurements over Novosibirsk and Surgut in West Siberia. For each aircraft measurement data, we selected GOSAT data that satisfied the matching conditions of L ≤ 300 km and −1 ≤ DD ≤ 1. We selected 12 data pairs for Novosibirsk and 11 data pairs for Surgut. For all data pairs, calculated XCH 4 _Diff as −1.0 ± 22.0 ppb (−0.05 ± 1.23%) at Novosibirsk, and −0.4 ± 14.8 ppb (−0.02 ± 0.82%) at Surgut. The XCH 4 _Diff values of both sites were within 1%. As most of the CH 4 measurement sites, such as the TCCON sites, are located in background regions of atmospheric CH 4 , only a few validation studies have been conducted over CH 4 source regions prior to our study. The result of this study demonstrates that GOSAT SWIR XCH 4 is also reliable over CH 4 source regions and thus may be helpful in scientific applications such as inverse analysis of global CH 4 emissions. Figure S1 . An example of the aircraft profile observed on 30 July, 2013 (black circles) with the HALOE climatology profile assumed for the altitudes above the aircraft measurements (solid curve). Aircraft-based XCH 4 was calculated using the CH 4 profile shown in the figure. See text for details. Figure S2 . Methane profiles used in this study were obtained by aircraft at Novosibirsk and Surgut. Dates of observation are indicated in the legend as yyyymmdd and correspond to the list in Table 1 . Table S1 . Matching case-1 pairs of GOSAT XCH 4 data and aircraft-based XCH 4 data in Novosibirsk and Surgut. Table S2 . Matching case-2 pairs of GOSAT XCH 4 data and aircraft-based XCH 4 data in Novosibirsk and Surgut.
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